Patrick D'Haese,5and Marc E. De Broe5'6 Using laser microprobe mass analysis, we studied the ultrastructural localization of aluminum in liver and bone tissue of chronic-hemodialysis patients with proven aluminum-induced osteomalacia. in the liver, aluminum was observed to be almost exclusively associated with iron. Detectable aluminum and large amounts of iron were found in lysosomes of both hepatocytes and Kupifer cells. in bone, aluminum was localized at the osteoid/calcified-bone interface and also was associated with iron in some cases. 
In chronic-hemodialysis patients, considerable aluminum may accumulate in tissue, resulting in dementia, vitamin D-resistant osteomalacia, or microcytic hypochromic anemia (1). For ultrastructural localization of aluminum in tissues, several techniques have been used: histochemical staining (2), electron-probe x-ray microanalysis (3-5), and
secondary-ion mass spectrometry (3).
Laser microprobe mass analysis (L.411r) is a new massspectrometric technique (6) that provides qualitative and semiquantitative information about the inorganic constituents of microvolumes (1 pin3) of thin histological sections.
Its relative sensitivity is in the microgram per grain range, particularly for elements with a low first-ionization potential such as aluminum. These detection limits are markedly lower than those for electron-probe x-ray microanalysis of thin sections, milligrams per gram (7). The rapid simultaneous detection of a large number of elements by LAMMA offers considerable advantages over other microanalytical procedures, and IjMA spectra may provide limited infornation on molecular inorganic speciation and organic comonents in samples. The specimen thickness for 1M?s isually ranges from 0.1 to 2 pm. The obtainable spatial esolution of analysis is practically limited to about 1 to 3 tm, which may be larger than some cellular organelles of riterest.
Here we report our examination by iAMI of the subcelular localization of aluminum in hepatic and osseousbiopies of dialysis patients, and we compare our results with hose by other methods of microanalysis: histochemical taming, secondary-ion mass spectrometry (8), and electron-)robe x-ray microanalysis. 
Patients

Microanalytical Procedures
To localize aluminum in liver biopsy specimens, we used a LAMMA-500#{174} instrument (Leybold-Heraeus, KOln, F.R.G.) (9). The system is equipped with two lasers: a low-powered (2 mW) red helium-neon laser, which can be focused to a micrometer-size spot to indicate the subcellular region to be analyzed, and a collinear powerful Q-switched neodymium-YAG (yttrium-aluminum-garnet)
laser, which provides a high-power pulse (10'#{176}-lO" W/cm2 for a spot 0.5 pin in diameter, pulse duration 15 ns, wavelength 265 nm) and is able to vaporize and ionize a selected area of a few square micrometers of a thin section. The histological section is viewed with a binocular light microscope. After this perforation, the positive or negative ions so created are moved into a time-of-flight mass spectrometer (10), where they are separated and detected according to their mass to produce a complete mass spectrum for each laser pulse. In this study, we used relatively low laser energies to obtain small perforation diameters, preferring optimal spatial resolution at the cost of reduced sensitivity.
Uncoated (0.2 pm) and ultrathin carbon-coated (60-90 nm) liver sections were studied with an electron probe x-ray microanalysis apparatus (Superprobe 733; JEOL, Tokyo, Japan) using the energy-dispersive x-ray detection mode.
We studied uncoated, undecalcifled, and unstained bone sections, 5 to 7 pm in thickness, by secondary-ion mass spectrometry, using a Cameca IMS-300 mass spectrometer we prepared 2-pm-thick unstained sections foi determination of the presence of aluminum at various sites.
Reference
The high-power laser could perforate the specimen in OflE for which we used a Model 305B spectrophotometer together with a HGA-74 graphite furnace and an AS-i autosampler, allfrom Perkin-Elmer Corp., Norwalk, CT 06856.
Liver biopsies. Liver tissue obtained by needle biopsy from
Patients 1 and 5 was subjected to Kjeldahl destruction in quartz vessels, with 5 mL of concentrated nitric acid (Suprapur 441, Merck, Darmstadt, F.R.G.). We then measured the aluminum and iron content of the resulting digest by EAAS.
For histological studies, the liver biopsy specimens were prepared for transmission electron microscopy by routine procedures: fixation in glutaraldehyde/osmium tetroxide solution (20 g each per liter), dehydration in an increasingly concentrated series of acetone/water mixtures, and embedding in epoxy resin, from which sections 0.2 pm thick were cut with a Reichert ultramicrotome and stained with kalcoholic uranyl acetate and lead citrate. The sectioned specimens were directly mounted on copper grids without any carrier foil, to avoid additional organic mass interferences in LAMMA.
Before the r.rsrvs, we made transmission electron micrographs (Zeiss EM 109; Carl Zeiss GmbH, Oberkochen, F.R.G.) of the cellular regions of interest. A second series of transmission electron micrographs taken after LAMMA recordedthe nature of the analyzed subcellular fragments and showed the evaporated area. The image quality of the electron micrographs was not optimal,owing to the thickness of the sections, but we couldeasily identify the different subcellular organelles.
We studied the localization of aluminum in liver tissue by both LAMMA and electron probe x-ray microanalysis. Bone biopsies. Duplicate transiliac bone biopsies were taken from Patients 1 through 4, with a trephine 7 mm in diameter. One of each pair was used to measure the bulk aluminum and iron content by EAAS, as described above for the liver.
The other biopsy sample was fixed for 24 h in Burkhardt's solution (11), then transferred to absolute methanol. The specimens were embedded in methyl methacrylate; the Undecalcified portions were cut into serial sections 8 pm in thickness with a Jung K sledge microtome and stained by Goldner's method (12) for qualitative histology.
To localize aluminum in bone, we used IA?1A, secondarytions.
Results
Measurements in Blood Table 1 gives the concentrations of aluminum we deter mined in serum and in whole blood. hepatocytes and also of Kupifer cells (Figures 1 and 2 ) Aluminum was detected only in electron-dense structuret (see Table 2 ). The decreased signal for aluminum in spec trum 1 of Figure 2 is consistent with the fact that the lasei shot evaporated only a small fraction of the electron-denst body, most of the sampled material being cytoplasm (Figurt 1). All mass spectra that showed a pronounced aluminun The mass spectra (1) (2) (3) (4) correspond to the regions shown inFig. 1.The firstthreeoriginate fromKupifercelllysosomes.Spectrum4, which containsno aluminumsignal. corresponds to the erythrocyte. The absence of a clear ironsignalis notsurprising, because the iron concentration in erythrocytes is below the i.w detection limit for this element (about 1000 g/g in the low-energy mode; unpublished observations). The osmium and lead signals result from thefixation andthestaining procedures, respectively peak also recorded considerable amounts of iron. The aluminum/iron ratio was variable, ranging from 0 to about 0.2. Because of the presence of the large iron peaks (13) in the mass spectra of the electron-dense structures and from their morphological appearance, we identified these organelles as lysosomes. In most of the hepatocyte lysosomes we also noted increased calcium. Some mass spectra contained magnesium and barium (Bat and BaOH mass peaks) as well as aluminum and iron. Mass spectra of hepatocyte lysosomes from both unstained liver sections and those stained with toluidine blue showed aluminum and iron signals similar to those of the heavy-metal-stained sections, thus excluding Table 1 also summarizes the bulk analyses for aluminum and iron in the bone tissues.
Liver Biopsies
Light microscopy of un-decalcified sections of bone from Patients 1 through 3 disclosed severe osteomalacia, with a markedly increased osteoid volume and osteoid surface percentage. The osteoid surface was not covered with cubic osteoblasts.
Staining for aluminum was unequivocally positive in these samples, a bright-red line being present along most of the length of the osteoidlcalcified-bone interfaces.
Patient 4 showed mild hyperparathyroidism by light microscopy; staining for aluminum was negative.
LAMMA of the bone sections from Patients 1 through 3 also disclosed aluminum, mainly at the interface between osteoid and calcified bone (Figure 3) . Magnesium was sometimes demonstrated with aluminum at this location for these patients, and in Patients 1 and 3 iron was sometimes also identified with aluminum in hepatocytes and in Kupffer cells might point to different metabolic pathways, as is the case for iron (17) . Thus, further study of plasma transport mechanisms for aluminum (18) is mandatory.
LAMMA studies of unstained, un-decalcified bone sections from the patients with aluminum osteomalacia confirmed the presence of aluminum at the osteoid/calcified-bone boundary, as was also shown by histochemical staining and secondary-ion mass spectrometry. Unlike the staining method, however, LAMMA spectra concurrently provide information about other elements in the area under study. The observation of osteomalacia in hemodialysis patients with gross iron overload (19) and the suggestion that aluminum might not be the only toxic substance involved in dialysis osteomalacia (20) make noteworthy the occurrence of iron signals at the osteoid/calcified-bone interface in two of the patients. Iron and aluminum also appear to behave similarly in other respects: binding to organic substances [e.g., desferrioxamine (21), transferrin (22,23) , and interaction with ferroxidase (24)1, and accumulation in liver lysosomes. The multi-element LAMMA spectra demonstrated the presence of magnesium on the osteoidlcalcifIed-bone interface in the osteomalacia patients and also in the nondialysis uremic patient who had no mineralization defect. It therefore seems unlikely that magnesium interfered with the mineralization process in our patients. The physiopathology of aluminum accumulation and the interrelation between aluminum and other elements merit further investigation.
